In this issue of the Journal, Auchinloss and Diez Roux (1) contribute a lucid introduction to agent-based simulation models and argue that they may be a fruitful alternative to current approaches aiming to tease out the effects of neighborhood contexts on health outcomes. For the reasons outlined below, I wholeheartedly agree. This commentary aims to amplify a few of the important points made in the review article and to locate them in the broader context of epidemiologic inquiry, especially as concerns social epidemiologic theory.
WHAT ARE AGENT-BASED MODELS?
To reiterate, agent-based models are computer simulations that researchers design and use to model how agents (e.g., hypothetical human beings) interact to produce grouplevel (i.e., social or system-level) phenomena. An agentbased modeler's computer becomes her social laboratory. Accordingly, researchers hypothesize how a change in inputs and/or rules of interaction will affect outcomes, run the virtual experiment, and then compare the observed with the hypothesized results. Theories, or more precisely, predictions, may thus be supported, refuted, or advanced by examining unanticipated group-or system-level outcomes.
The canonical agent-based experiment is described by Epstein as follows:
Situate an initial population of autonomous heterogeneous agents in relevant spatial environments; allow them to interact according to simple rules, and thereby generateor grow-the macroscopic regularity from the bottom up (2, p. 7).
While they share some characteristics, agent-based model simulations are not the same as the now conventional Markov Chain Monte Carlo simulations (Bayesian) epidemiologists are using. Simply put, Markov Chain Monte Carlo methods aim to simulate data or a parameter space for a more or less conventional epidemiologic analysis, such as a sensitivity analysis. By contrast, the outcome of an agent-based model is not data, per se, but the process of how and why group phenomena emerge in the first place. No subsequent regression or life-table analysis typically follows.
A key point is that agent-based models incorporate responsive and/or adaptive aspects of human behavior. Agents are modeled as heterogeneous purposive actors who observe their virtual surroundings, learn from experience, and act accordingly. Therefore, unlike common regression models and related linear theories of disease causation, agent-based models explicitly permit feedback loops and other nonlinear dynamic phenomena. There is some precedent for this kind of thinking (3, 4) , but unlike equation-based efforts, agentbased models exploit the iterative power of computers to ''grow'' phenomena irreducible to equations.
WHY AGENT-BASED MODELS?
Thanks in large part to the work of Diez Roux (5, 6) and Diez Roux et al. (7), the idea that multilevel (social) contexts matter in shaping both exposure patterns and disease outcomes is now firmly established. Although clearly a good thing, two major issues merit attention.
First, it does not take an epidemiologist to appreciate that residing in a disadvantaged area is unhealthy. Untrained observers have long noted the relation and, at least as far back as 1830 (approximately 20 years before Snow's cholera research), Benoiston de Chateauneuf produced a modernlooking table of mortality ratios by age and poverty status (8) .
Second, and simply put, the ultimate goal of neighborhood effects research is to estimate the effect of moving a poor person to a better neighborhood (or vice versa) so as to inform policy makers about the health impacts of impoverished areas as opposed to impoverished individuals (9) . In other words, the goal is to estimate the independent effect of an impoverished area on a person's health regardless of his or her own poverty status. This is a laudable goal, but a large set of methodological challenges must be addressed before we should have confidence in results. Among these are the related issues of 1) selection bias and exchangeability and 2) within-and between-group dynamics. Even setting aside the cloudy results of relevant field experiments (10), it now seems patently obvious that observational designs and conventional epidemiologic methods, including the multilevel regression model, cannot yield credible neighborhood effect estimates. Indeed, my recent own empirical work has shown that 1) one cannot identify the effects of neighborhood poverty on American Indian infant mortality (11) and 2) when a more defensible comparison group is used, the effect of neighborhood density and street connectivity on total physical activity is negligible (12) . Given commonsense intuitions about the effects of context on health, neither result is intellectually satisfying. Should we give up or change our approach?
I believe it is time to change our approach. For the following interrelated reasons, at least, agent-based models hold some promise for advancing neighborhood effects research, if not social epidemiology more generally.
First, agent-based models permit analysts to model system dynamics. A deep criticism of neighborhood effects research is that it assumes away posttreatment responses (9) . This means that, for example, once a poor person is relocated to a better neighborhood, the residents of the target neighborhood are assumed to not respond by protesting, moving away, or other such things. Similarly, current approaches imply that, when economic development improves a given location, the expected increased demand for it does not increase property values, increase taxes, or otherwise induce gentrification (13) . By their very nature, agent-based models permit an analysis of longer-term (perhaps ''equilibrium'' or ''net'') impacts of a proposed intervention.
Second, agent-based models permit analysts to more realistically model social treatment effects. A deep criticism of neighborhood effects research is the assumption that what happens to one resident has no impact on any other resident (9, 14) . The so-called ''stable unit treatment value assumption'' is a subtle idea that essentially says for a given effect to be identifiable, the treatment given to a particular subject cannot spill over or interfere with the treatment to another subject within the same group. The reason for this is that, if there is spillover, the treatment given may not be the treatment received, and there is thus no obvious way to define a treatment much less estimate its effect (15) . It follows that the obvious impacts of charismatic leaders, peer pressure, social fads, electoral momentum, and so forth cannot be incorporated into a conventional statistical analysis of neighborhood effects. Agent-based models are not so constrained; they permit analysts to model the subtle effects of leaders, momentum, social norms, and so forth on health outcomes.
Third, agent-based models permit the analysis of endogenous contexts (i.e., exposures) on health outcomes. As far as I can tell, all neighborhood effects research presumes that neighborhood contexts are exogenous or not produced, even in part, by residents. This presumption is implicit in the socioecologic model of health (16) , which essentially posits that environments (e.g., state policy) are upstream causal factors to downstream health outcomes (e.g., lung cancer), and the causal arrow goes from the macro to the micro only. Few appear to appreciate the importance of the other direction and thus the endogeneity of contexts. For example, few seem to appreciate that state policies are a function of voter preferences, lobbyists, and legislative interests; that is, few acknowledge that state policy is endogenous. The conceptual distinction between exogenous and endogenous environments is especially important in neighborhood studies, because it means that subjects of a study actually create the context in which they reside. Where possible, parents keenly interested in safe and supportive environments for their children will help to build a playground and participate in neighborhood watch associations. Although slippery, the fact is that not only do environments affect people (i.e., macro-to-micro transitions), but people also affect environments (i.e., micro-to-macro transitions) (17) . Thus, simple analytical efforts aiming to disentangle an environment from its inhabitants seem doomed to fail. By treating environments as possibly endogenous, agent-based models offer an advance over current approaches.
Fourth, compared with conventional epidemiologic theory, agent-based models permit a more congenial image of humankind. The elemental subject of most epidemiologic investigations is a passive host (perhaps even a cell or organ system) subject to the forces of nature. Purposive human activity and/or interaction is rarely part of an epidemiologic explanation. This is not all bad as great progress has been made and, in some cases, an analysis of cellular activity is entirely appropriate. Nonetheless, it is an unfortunate irony that so much research in epidemiology, the science of population health, incorporates so little about human preferences, choice, socialization, exploitation, or adaptation. One need only consider the equivalence of methodology between the epidemiology of livestock and humans to appreciate that some change is necessary (18) . Agent-based models may help to propel it by forcing analysts to model human interaction.
Fifth, because they approach problems from a systems process perspective, agent-based models offer insight into some limitations of current epidemiologic explanation. For the most part, epidemiology's explanatory paradigm is one of statistical difference between groups: the exposed and unexposed. The mechanisms through which exposures emerge and population change occurs are rarely considered. The reason for this may lie with the ongoing confusion about the difference between statistical inference and scientific explanation (19) . Importantly, agent-based models are focused solely on the mechanisms of change. Epstein makes the point with the following statement: ''If you didn't grow it, you didn't explain it'' (2, p. xxi). It follows that agentbased models may help to focus epidemiology's attention toward the social processes that allocate noxious exposures, susceptibilities, and treatments to some and not others (20) .
CONCLUSION
Except for raising the awareness that context matterswhich is no small thing-I think that epidemiologic efforts to estimate neighborhood effects have not been all that scientifically fruitful. Looking back over the last 5-10 years' research, it seems to me that the key insight is that our simple models (e.g., multilevel regressions) and theories (e.g., socioecology) are unable to incorporate the important aspects of the phenomena under investigation. Perhaps this should not be surprising. Many great minds have struggled with the complexity of social life. Consider the 1969 Nobel prize winner for physics, Murray Gell-Mann, who upon being asked about the relatively slow pace of social science quipped, ''Physics would be a lot harder if particles could think'' (21, p. 5).
As Auchincloss and Diez Roux (1) make clear, the obvious shortcoming of agent-based models is that simulated results may be a far cry from actual empirical ones. Although it is true that sooner or later fieldwork must be done-and I still think that neighborhood-randomized trials are the best path to progress (9, 22)-let us not prematurely dismiss the benefit of a conceptual advance. The fact is that counterfactual accounts of causality (23) are entirely without empirical support, and directed acyclic graphs and related theory (24, 25) are conceptual tools for guiding analysis and perhaps action. Additionally, regression adjustment, sampling weights, multiple imputation, and essentially all modern tools for statistical inference are based on convenient fictions (e.g., ceteris paribus). Moreover, although most know that Box and Draper (26) famously pointed out that we should measure our models not by how perfectly they represent reality but rather by their utility for understanding the same, few recognize that Box (27, 28) insisted that scientific progress required an iterative process between conceptual thinking and empirical investigation (i.e., think Ð investigate). It seems to me that, given agent-based models' potential to alter the paradigm through which epidemiologists think about how social systems produce the health of populations, a modest investment in them is appropriate.
Convincing the skeptic of the potential utility of agentbased models will presumably require a collective recognition that, since the advent of germ theory, epidemiology has relied on a model of disease in which hosts (individuals, cells) interact with agents (bacteria, ice cream) in environments (neighborhoods, jungles). Although this classic triadic model has been useful in many areas, it forecloses insight in others, such as social epidemiology. As I have stated before (18, 29) , boiled down to its core, the triadic model implies Robison Crusoe (30), a metaphorical character whose health depends on his genes and behavior, along with the natural island environment. Excluded are the impacts of other people or emergent social phenomena, such as strategic interaction, norms, and economic policy-issues that are at the center of social epidemiologic inquiry. Thus, beyond their obvious utility for better understanding of neighborhood effects, agent-based models may help us to return Robinson Crusoe to society and thereby improve our collective ability to understand and enhance the health of populations.
